Neurovirulence, determined as the ability of a virus to cause a lethal infection in the central nervous system, has captured considerable interest in virological research (13, 15, 48, 49) . Infection with Sindbis virus (SV), the prototype member of the Alphavirus genus, has provided useful systems for the study of neurovirulence, including an excellent mouse model used for studying the pathogenesis of alphavirus encephalitis (14, 20) .
The SV prototype virion contains a positive-stranded RNA genome of 11,703 nucleotides. The 5Ј two-thirds of the genome encodes the nonstructural proteins that function in viral replication. The structural protein coding region is located in the 3Ј one-third of the genome. The genome RNA is complexed with multiple (total of 240) copies of the capsid protein to form an icosahedral nucleocapsid. The nucleocapsid is surrounded by a host-derived lipid bilayer from which the viral spikes protrude, which consist of three copies of the viral glycoprotein E2-E1 heterodimer (22, 45) .
For several alphaviruses, amino acid changes in E1 and E2 have been shown to affect neurovirulence by mediating virus binding and entry into neuronal cells (18) .
The E1 glycoprotein is highly conserved among alphaviruses and is involved in cell attachment, membrane fusion, and entry. The E2 glycoprotein, also involved in cell attachment, contains the majority of epitopes able to elicit potent neutralizing antibodies (16) .
Recent evidence from several viral systems indicates that noncoding regions of viral genomes may be important determinants of virulence and pathogenicity, presumably through their effects on genome translation, replication, or transcription. Evidence of the importance of the 5Ј noncoding region (5ЈNCR) in poliovirus resulted from comparison of the nucleotide sequences of virulent and attenuated variants of poliovirus and their revertants and from mapping of the determinants of virulence (23) .
The effects of deletions and substitutions in the NCRs have also been studied for the alphatogaviruses, including SV (25, 32, 34) and Venezuelan equine encephalomyelitis (VEE) virus (24) . These viruses differ in their capacity to produce disease in mice, suggesting that the noncoding region is an important determinant of virulence. Mouse challenge experiments with VEE viruses of the virulent Trinidad donkey (TD) strain or its attenuated vaccine derivative (TC-83) indicate that attenuation is determined in part by mutations within the 5ЈNCR, although changes in the E2 envelope glycoprotein also play a role.
We have isolated four variants of SV that differ in their neurovirulence and neuroinvasiveness in weanling mice (30) . The SVA and SVB strains are nonvirulent after intracranial (i.c.) inoculation, although both can proliferate in the brain. On the other hand, after intraperitoneal (i.p.) injection these strains show similar patterns of viremia, though only SVB invades the brain. The neurovirulent pair, SVN and SVNI, will kill weanling mice after i.c. injection, but only SVNI is neuroinvasive, invading the brain after i.p. inoculation and causing death (30, 31) .
Previously, we mapped the neuroinvasive loci of these strains (7) . For SVB a single neuroinvasive determinant was mapped to E2 residue 55 (Gln-55), whereas for SVNI neuro-invasive loci were identified in both the 5ЈNCR (position 8) and E2 .
In this study, we examined the outcome of infections caused by these four strains of SV in rats. None of the strains showed induction of viremia and neuroinvasion in adult rats, and only SVNI was found to be neurovirulent, after i.c. inoculation. Surprisingly, we found that the major determinant of the neurovirulence of SVNI is located in the 5ЈNCR, and changes in the E2 protein may contribute to the age-dependent pathogenesis.
MATERIALS AND METHODS
Viruses and recombinants. The isolation and phenotype of the SVA/SVB and SVN/SVNI viruses have been described (30) . Briefly, the two nonvirulent variants SVA and SVB were isolated by plaque purification from an SV strain. The two virulent strains in mice, SVN and SVNI, were isolated by serial passages of the same original SV strain. All parental viruses and recombinants used for this study were derived from infectious cDNA clones (7). For each virus, a firstpassage virus stock was obtained by electroporation (Bio-Rad Gene Pulser) of BHK-21 (baby hamster kidney) cells with RNA transcripts from linearized fulllength cDNA templates (7). The supernatant was harvested after incubation at 37°C for 24 h and stored at Ϫ70°C in small aliquots. SVA, SVB, SVN, and SVNI are virus stocks derived from the parental full-length cDNA clones.
Virus plaque assay on Vero cell monolayers. The Vero cell line, derived from kidneys of normal African green monkeys, was grown in Dulbecco modified Eagle medium containing 10% fetal bovine serum (FBS). For quantitation of SV, the original plaque technique in Vero cells was used (9) . A dilution of virus was added to Vero cell monolayers in tissue culture dishes and incubated at 37°C for 1 h to permit viral adsorption. The monolayer was overlaid with minimal essential medium with 2% tragacanth (Gum tragacanth, grade III G-1128; Sigma), 2% FBS, and 2.4% NaHCO 3 . Cultures were incubated (37°C, 5% CO 2 ) for 48 h, and plaques were counted after being stained with 0.05% neutral red (30, 31) .
Animal inoculation and determination of LD 50 . All rats used for animal studies were obtained from Charles River Laboratories. Viral phenotypes were assayed in suckling rats (3 days old), weanling rats (3 weeks old), or adult rats (5 weeks old). Animals were inoculated by either i.p. or i.c. injection of 10-fold serial dilutions of the stock virus, as described earlier (30) . For each parental or recombinant plasmid DNA template, two independent transcript preparations were used to derive virus stocks for in vivo assays by using groups of seven rats. The 50% lethal dose (LD 50 ) values were calculated according to the method of Reed and Muench (41) . Virus recovered from brains of rats (as a 20% brain homogenate in phosphate-buffered saline) was quantified by the plaque assay, as described above.
Tissue and cell primary cultures of rat cerebral cells. Dissociated cerebral cells were cultured as monolayers on either glass or plastic-coated surfaces (2) . Briefly, hemispheres were obtained from 16-day-old rat fetuses. Cells were mechanically dissociated by using Pasteur pipettes of different pore sizes. The cells were seeded either directly in 35-mm plastic dishes (10 6 cells/dish) or on round, 13-mm-diameter cover glasses previously coated with 0.1% L-polylysine (Sigma). The nutrient medium consisted of 10% heat-inactivated FBS and Eagle basal medium supplemented with 1% L-glutamine (2 mM), 1% dextrose, and 0.2% gentamicin (Gibco). Cultures were incubated for 2 to 3 weeks at 37°C in a 5% CO 2 atmosphere. Single and small groups of neurons attached randomly and sprouted above a layer of dividing nonneuronal cells. The proliferation of the nonneuronal cells was controlled by the addition of cytosine arabinoside (AraC, 10 Ϫ7 M; Sigma). Neurons could be continuously observed and were highly accessible for morphological, immunocytochemical, and electrophysiological studies. Light and immunofluorescence microscopy. Cultures were examined daily by a Zeiss inverted microscope prior to and after virus or mock infections. Analysis of cytological damage was assayed by phase-contrast microscopy.
For immunofluorescent staining, cells seeded on glass coverslips were fixed with cold acetone for 15 min at Ϫ20°C. The fixed cells were incubated with polyclonal anti-SV serum for 60 min, washed three times, and treated with goat anti-rabbit antibody conjugated to fluorescein isothiocyanate (Sigma) for 60 min. Observation was done with a Zeiss fluorescence microscope.
RESULTS
To characterize the in vivo and in vitro pathogenic properties of the four SV variants in the rat host, we studied the outcome of infection in newborn and young adult rats and in rat primary neuronal cultures.
Virus growth in suckling and adult rat brains. We examined the brains of 3-day-old rats injected i.c. and i.p. with 10 3 PFU of the four viral strains. With both routes of inoculation, all four viruses proliferated well in the brains of suckling rats, reaching levels of 1.5 ϫ 10 8 to 2.5 ϫ 10 8 PFU/brain with SVA and SVB and 2.0 ϫ 10 9 to 3.0 ϫ 10 9 PFU/brain with SVN and SVNI ( Table 1 ). All infections were lethal, and infected rats succumbed within 2 to 3 days.
When young adult rats were inoculated i.p. with the four strains, neither viremia nor virus growth in the brain was observed despite the induction of high levels of anti-SV antibodies (data not shown). After i.c. injection, however, the nonvirulent (as defined in mice) viruses SVA and SVB proliferated to a titer of 4 ϫ 10 4 to 5 ϫ 10 4 PFU/brain, without any overt symptoms. Both mouse neurovirulent strains, SVN and SVNI, proliferated to a level of 2 ϫ 10 6 PFU/brain (Table 1 ), but only SVNI was neurovirulent, causing the death of the infected rats. The LD 50 after i.c. injection (ICLD 50 ) of SVNI was found to be 16.4 Ϯ 3.2 PFU per rat, with an average time to death of 5.5 days, whereas doses of 10 6 PFU of SVN were not lethal ( Table 2) . Virus growth in primary rat neuronal cultures. Primary neuronal cultures were prepared from dispersed rat brain cells as described in Materials and Methods. In order to prevent massive proliferation of glial cells, AraC (1-␤-D-arabinofuranosylcytosine) was added. Thus, the majority of the cells in these cultures were neurons. Cultures were inoculated with viruses derived from infectious cDNA clones of the four SV strains. All four viruses showed similar growth kinetics in the neuronal cultures, reaching titers of 10 8 PFU/ml after 48 h. Cultures were monitored daily for signs of cytopathic effect, and the degree of infection was monitored by immunofluorescence. No morphologic changes or signs of cytopathic effect were observed in SVN-and SVNI-infected neurons or neurites at 24 h postinfection ( Fig. 1A and C) . However, by 48 h the damage caused by SVNI was clearly visible (Fig. 1D) . In contrast, SVN (Fig. 1B) -or SVA/SVB (data not shown)-infected cells remained unchanged, and the neuronal disintegration seen in the SVNI-infected cultures was not observed even after 8 days (the longest time tested). Localization of SVNI neurovirulence determinants. To define the genetic determinants contributing to the neurovirulent properties of SVNI, we studied the outcome of infection in adult rats infected with several SVN-SVNI recombinants. Recombinants were constructed by exchanging homologous genomic fragments between SVN and SVNI and then by nucleotide substitution for fine mapping. The contribution of the genetic determinants to neurovirulence was assessed by determining the PFU/LD 50 after i.c. injection (PFU/ICLD 50 ).
The data for the first set of recombinants are summarized in Fig. 2 . The results indicate that a region of 1,909 bases of SVNI, encompassing most of the E2-coding region (recombinant 9), induced paralysis in the rats. However, high viral doses of recombinant 9 were required compared to SVNI. An additional recombinant (recombinant 15), including the 5ЈNCR and part of nsP1 of SVNI (1,406 bases), was shown to cause the death of the infected rats. However, both the 5Ј end and the E2 SVNI neurovirulence determinants (recombinant 31) were required to produce a virus with neurovirulence properties indistinguishable from those of SVNI. Reciprocal recombinants in the SVNI background (recombinant 18) corroborated these results: the 5Ј region from SVN combined with the SVN E2 determinant dramatically reduced the neurovirulence of the recombinant virus, behaving similarly to SVN.
In the mapped regions SVN and SVNI differ by three amino acids in the E2 region Modulation of neurovirulence by single nucleotide changes in the viral genome. To identify the specific residue(s) in the E2 and 5Ј determinants responsible for neurovirulence, additional recombinants were assayed by i.c. inoculation of 3-weekold rats (Fig. 3) . Recombinant greater were required). Recombinants bearing single mutations (either Met-190 or Lys-260) on the SVN background caused no overt symptoms in the infected rats (data not shown). The 5Ј neurovirulence determinant was identified by analysis of additional recombinants. Recombinant 43, with a G at position 8 in the SVN background, produced a neurovirulent virus similar to SVNI. The reciprocal construct, substitution of T for G at position 8 in the SVNI background with the SVN E2 determinant, abolished neurovirulence. As expected, recombinant 47, containing both the G at position 8 of the NCR and E2 Met-190 and E2 Lys-260 in the SVN background, was found to be as neurovirulent in rats as was the SVNI parent. Recombinants 43 and 47, containing G8, were also shown to induce apoptosis in the primary mature neuronal cultures.
Age-dependent susceptibility of the host. Comparison of the effects of the different viruses and recombinants on 3-and 5-week-old rats uncovered an age-dependent contribution of the E2 determinant to neurovirulence (Fig. 3) . Recombinant 40, bearing the E2 Met-190 and E2 Lys-260, induced paralysis in 3-and 5-week-old rats, requiring larger inocula in the older animals. The outcome of the infections with recombinant 43, SVN with G8, showed a higher dependence on the age of the host, with a higher (30-fold) PFU/ICLD 50 in the 5-week-old rats. This dependence is negligible when the E2 determinant of SVNI is added to the 5ЈNCR determinant. Recombinant 47, containing G8 and E2 Met-190 and E2 Lys-260 on the SVN background, showed infectivity and neurovirulence similar to those of SVNI in 3-and 5-week-old rats. These results indicate that the E2 determinants, in the context of G8 of the 5ЈNCR, can modulate the neurovirulence in adult rats (5 weeks old). Therefore, we conclude that although 5ЈNCR G8 is the main player in SVNI neurovirulence, the E2 determinants make an additional contribution to age-dependent neurovirulence.
DISCUSSION
Extensive studies on the pathogenicity of SV have been done with mice (4, 14, 22, 26, 28, 29, 43, 47) . We have previously isolated and characterized four variants of SV which differ in their neurovirulence and neuroinvasiveness in weanling mice (30, 31) . In the present study we expanded our studies to characterize the genetic determinants of neurovirulence of the SV strains in a less-susceptible host: the rat. Although this rodent is not a commonly used host for SV studies, our results indicate that this model may shed new light on mechanisms mediating the viral pathogenesis.
Suckling rats were found to be susceptible targets for the four SV variants. The viruses proliferated well in the brain after either i.c. or i.p. inoculation, causing the death of the infected rats within 2 to 3 days. The lack of defense mechanisms in suckling rats, due to both an immature immune system and a nonfunctional blood-brain barrier, masked potential differences between the strains. A similar outcome was seen in suckling mice, in which the four viral strains caused death by either inoculation route (30) . In adult rats, however, marked differences in pathogenesis were apparent. In contrast to mouse infections, no viremia was detected in adult rats after i.p. inoculation, nor was neuroinvasion observed. Nonetheless, all of the viruses elicited a humoral immune response, which is indicative of proliferation in some organ or tissue. After i.c. inoculation, all four viruses proliferated well in the brains of the infected rats, with SVN and SVNI reaching similar titers, but only the latter caused death. A dose of ca. 20 PFU of SVNI per rat was sufficient to cause death within 5 to 6 days, whereas with SVN a dose of more than 10 6 PFU per rat was not lethal. Since neuronal cultures represent a reasonable model for studying and characterizing the morphological and neurochemical damage of either acute or chronic infection, we infected primary neuronal cultures derived from rat brains with the four viruses. Similar to in vivo virulence in adult rats, only SVNI was cytotoxic for neurons in culture. At 48 h postinfection SVNI cultures showed signs of neuronal degeneration, including disintegration of neuronal fibers. These results indicate that the unique neurovirulent effects of SVNI may be due to the genetic traits of the virus, which are independent of host defense mechanisms. The effect of SVNI on the neuronal cells was shown to be mediated by apoptosis (data not shown), and the molecular mechanisms involved in the process are currently being studied in neuronal cell lines.
Using the recombinants that we prepared for studying neuroinvasion in mice (7), we localized the genetic determinants of SVNI neurovirulence in rats. Substitution of two SVNI E2 amino acids in the SVN genetic background, Met-190 and Lys-260, led to induction of paralysis in 3-and 5-week-old rats. Remarkably, a single substitution in the 5ЈNCR (G8) transformed SVN into a lethal pathogen for 3-week-old rats, one similar to SVNI. However, in 5-week-old rats, this recombinant was attenuated by 2 orders of magnitude relative to SVNI. Only substitution of both the 5ЈNCR and E2 SVNI determinants produced a recombinant with virulence properties in 5-week-old rats indistinguishable from those of the SVNI parent.
It is known that amino acid changes in the surface glycoproteins are important determinants of SV neurovirulence in mice (4, 6, 14, 26, 28, 32, 36, 37, 43, 46) . In an earlier study with independent SV isolates, a major neurovirulence determinant derived from a neuroadapted strain (NSV) was mapped to the E2 glycoprotein (28) . Residues at positions 55 and 172 modulate neurovirulence for mice of different ages (28) . His-55 was particularly important for virulence, since five other amino acids tested in this position led to attenuation in 2-week-old mice. However, in attenuated SV, substitution of amino acids into His-55 led to partial virulence in weanling mice (40% mortality compared to the virulent wild-type NSV). The results described in the present study demonstrate that His-55 is not sufficient to induce virulence in rats, although it still may be an obligatory determinant (32) .
It has also been reported that mice demonstrate age-related resistance to most alphaviruses (11, 19, 21, 42, 47) . The molecular and cellular basis for this resistance is not understood. Resistance seems to correlate not with maturity of the immune system but rather with restriction of viral replication in neurons. This decreased replication may involve changes in neuronal receptors or increased resistance to the virus-induced apoptosis through elevated expression of Bcl-2 or related homologs. If we assume that E2 is involved in receptor binding and penetration, as previously stated, our results can be seen as supporting the hypothesis that age-dependent resistance is in- fluenced by changes in viral receptors during neuronal maturation (17) .
Recent evidence from many viral systems suggests that NCRs of viral genomes harbor important determinants of virulence. The effects of deletion mutations in the 3Ј and 5Ј NCRs have been studied for alphaviruses, including SV (25, 34) and VEE virus (24) . SV 5ЈNCR mutants typically show defects in RNA accumulation and altered growth rates in cultured cells. These viruses also differ in their capacity to produce disease in mice, suggesting that the NCR is an important determinant of virulence in vivo as well as in vitro. Site-directed mutations in the 5ЈNCR of SV S.A.AR86 significantly reduced mortality and extended survival in adult mice inoculated i.c. (22) . Mouse challenge experiments with VEE viruses containing sequences corresponding to those of the virulent TD strain or its attenuated vaccine derivative also indicate that attenuation is determined in part by mutations within the 5ЈNCR, although changes in the E2 envelope glycoprotein also play a role (24) . The importance of the 5ЈNCR in the determination of virulence has also been shown for poliovirus (1, 10, 23, 35, 40, 44 ), Theiler's murine encephalomyelitis virus (3, 27, 39, 50) , influenza virus (33) , mengovirus (8), hepatitis A virus (5, 12) , and retroviruses (38) .
This study thus demonstrates that the 5ЈNCR and E2 SVNI determinants play an instrumental role in neurovirulence in the rat model. Given the correlation between neurovirulence in vivo and the induction of apoptosis in primary neuronal cultures, it may be possible to extend these studies to define relevant pathogenic mechanisms at a molecular level.
